Since 1983, ground surface elevation data from the US DOE West Hackbeny Strategic Petroleum crude oil storage facility has been routinely collected. The data have been assimilated, analyzed, and presented in terms of absolute elevations, subsidence rate, and estimates of volumetric changes of the storage facility. The information presented impacts operations and maintenance of the facility, and provides important constraints on the interpretation of ongoing structural analyses of the facility.
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Introduction
Herein we report the recent and historical (since 1983) collection, analysis, and presentation of routine elevation measurements (Appendix 1) at the West Hackberry US DOE Strategic Petroleum Reserve (SPR) crude oil storage facility (site). The West Hackbeny site is located in southwestern Louisiana in Cameron Parish about 3 miles west of Hackbeny, LA. The geology (salt dome, overlying caprock, and sediments which abut the salt dome) has been described and characterized (Whiting, 1980; Magorian et al, 1991) . The geologic details are not discussed herein, but were very important in the design and construction of the facility. The geology, together with the cavern size, geometry, depth, and pressureitemperature history will act to prescribe the cavern closure. Cavern closure manifests itself at the surface as subsidence. Although simply stated, cavern closure is a three-dimensional time-dependent phenomenon, owing to creep of the salt mass, in response to the ever-present imbalance of stresses once the cavern is solutioned. The maximum cavern pressure is about 0.85 of the lithostatic pressure at the casing seat (at the top of a cavern). The overlying caprock will displace downward in response to cavern closure. Thus, the thickness, strength, ductility, fault, and fracture characteristics of the caprock will affect the subsidence observed. Subsidence is therefore the surface manifestation of this very complicated engineering of an active geologic system. Rigorous discussion of the relationship between geology and the mechanics of cavern closure is beyond the scope of this report; rather implications and constraints upon this relationship are presented.
A layout of the site with cavems and the DOE property boundary is given in Figure 1 . Typically, elevation measurements are made at or near wellheads, at positions on surface structures, and at specifically installed elevation monuments. Elevation measurement locations arc shown in ensuing figures with a (+). The number and location of measurement stations can change slightly from one year to the next because all measurement locations are susceptible to site construction, unintentional changes, and loss.
The reference elevation at West Hackbeny is an off-site benchmark located a couple of miles from the site. This introduces error in traversing the distance to the site. Since 1988, the leveling surveys have been performed to Second-Order First-class accuracy, with allowable vertical closure not to exceed approximately 0.02 ftimileO.'. This may amount to less than 0.05 ft for a survey, and that error when incurred, would be reflected in all measurements on the site (is., they may all be "high" or "low", which has been observed for some surveys). On the site, there had been a fairly dense array of survey stations, providing reasonably good coverage within the DOE property boundary. The correction for "error" would be approximately the same on all elevation data, because survey loops are short within the DOE property area. During the recent life extension work, over 30 elevation measurement locations were removed, relocated or buried. Some of these may be retrieved to maintain the historic data quality level. .
Analysis

Comments on accuracy and precision of measurements
The accuracy and precision of elevation measurements are important if we are to assign a value to the data and its interpretation and application. This section presents a comparison between two sets of recent elevation measurements completed at different times. One set of measurements was associated with the life extension process, the second, completed a number of months later, was the routine "subsidence" survey.
In early 2001, the elevation survey was completed as part of the life extension process. This survey was extensive, covering the entire site, to permit a topographical map to be developed of the site. This survey used benchmark monuments (datum references) that were set by GPS. However, the x-y coordinate systems used for the two surveys were different. The life extension elevation measurements used the "state" coordinate system, and the subsidence survey used the "local" coordinate system.
In September of 2001, a second elevation survey was completed as part of the routine subsidence measurements. The datum reference was the same reference historically used, a couple of miles from the site. In the following, the two data sets are presented and compared.
Topographic representations of the site using the two data sets are presented in Figures 2 (elevation survey) and 3 (life extension survey). The diagrams are contoured using a 3-D interpolation of the data to develop an elevation surface. Nearest neighbors are used in this interpolation between data points and to extrapolate to extremities of the contoured area. The control on contours within a "map" is shown by the location of (+) symbols, which represent data points.
The subsidence survey data (Figure 2 ) has many more data points (&om the entire survey). The data points common from life extension survey were identified and their elevations were assigned the subsidence survey x-y locations.
Thus, two independent measurements, using two different methods and reference locations were made.
In Figure 4 , the difference (in ft) between the two surveys is contoured. Only the survey points common to both surveys were used. The difference in the two independent measurements is less than 0.1 ft over about a mile of horizontal distance. This difference is very small, and indicates that each method presents a reasonable degree of accuracy in representing the absolute elevations.
A comparison of the contoured elevations shows significant differences particularly in critical locations where elevations are close to MSL and prone to flooding. For example a large area of the NE portion of the site shows 2 to 4 ft elevations in Figure 2 whereas the same area in Figure 3 is contoured by 4 to 6 ft elevations as visualized by the dark and light blue area. Therefore although specific subsidence stations, common to both surveys, had similar elevation measurements (to within less than 0.1 ft difference), the resulting mapping of contours (the interpolated areal site elevations) is also sensitive to the number and location of stations. 
Flood Potential
Flood potential is an important concern at West Hackberry because low-lying regions of the site are susceptible to inundation &om Black Lake and/or hurricane storm surges. During life extension at West Hackberry roads were raised, dikes were constructed, and wellheads were repositioned to solve part of the flood potential problems. The elevations today, and those projected for the future, are important to facility operations planning. The models developed to extrapolate historic data into the future are presented in Appendix 2. The elevation contours of these analyses are presented in Figures 5, 6 , and 7. The extrapolations, and the maps presented, indicate that subsidence will continue, but at an ever decreasing rate.
Key elevations presented in Figure 5 , 6, and 7 are (+) 2.5 feet, the mean elevation of Black Lake which abuts the site on the north, and (+) 4.5 foot contour interval which is considered the hurricane flood level at the site.
There are areas of the site that have susceptibility to inundation based on these analyses. The measures taken during life extension may act to mitigate these potential problems. For example roads have been raised, local dikes have been constructed, and pumps have been installed. The elevations of these "raised" features are not captured in the maps presented because monuments are not yet located in the survey. The subsidence rates at West Hackbemy, although low, are the greatest of all of the SPR sites due to the relatively fast creep rate of the salt (Ehgartner, 2001) . The thin caprock (300-400 f t ) , its faulted and fractured nature (c.f. Magorian, et al, 1991) , and the additional causes for subsidence at and near the dome (oil and gas production), all contribute to the subsidence rate at this site. Volumetric Change Estimates I'he volume change for time intervals between measurements was determined by first contouring the vertical displacement per unit area, and then from the known vertical change and the area, the volume calculation was made. The volume change was determined for the map &ea outlined by the SPR site footprint. This area was chosen in an attempt to standardize the estimation of the closure of the oil storage facility. The area chosen provides an estimate of the total volumetric creep deformation (and allows an estimate of volume loss) into the caverns; other factors may contribute to subsidence at West Hackbeny. For example oil production beneath Black Lake and other subsurface deformation associated with nearby industrial underground storage facilities would also lead to subsidence. Also, the subsidence does not translate directly to volume loss because possibly not all of the subsidence due to cavern closure is captured within the site boundaries.
We feel that this measure provides a consistent estimate (probably an underestimate) of the volumetric sum total of cavern closure. The cumulative volume change ( Figure 14) is an estimate of the volume loss for the recent history of the facility. This change could be used as a measured constraint for numerical analyses of creep closure of caverns at this facility, and volumetric changes measured within caverns as a result of maintaining appropriate cavern pressures. The volume change could also be correlable to the pressure bleed history of the overall facility. The slope of the volume loss versus time relationship is proportional to the rate of volumetric creep closure of the facility (if pressure was held relatively constant for the entire history). The change in slope of the curve represents a change in closure rate assuming the shape of the subsidence trough is unchanged.
The interval volumetric creep closure rate was calculated as the quotient of the volume change per time interval between measurements ( Figure 15 ). The trend for volumetric closure rate versus time is clearly downward, towards decreasing rates. If the cavern fluid pressures were constant, this decrease in rate would be attributed to transient creep.
If the stresses internal to all of the caverns were not constant, this decrease would be attributed to an average change from low internal pressures in caverns to greater internal pressures in caverns. Although the volumetric creep closure rates versus time recorded probably represent a combination of these two causes, the change in operations practices in the early 1990s to maintain high cavern pressures, and minimize workover time periods has generally been cited as the cause for the decrease in close and subsidence rates. 
Discussion and Conclusions
The elevation data from the US DOE West Hackberry Strategic Petroleum crude oil storage facility have been routinely collected since 1983. The data have been assimilated, analyzed, and presented in terms of absolute elevations, subsidence rate, and estimates of volumetric changes of the storage facility. The information presented shows the impact of operations on subsidence, predicts when additional mitigation against flooding may be needed, and provides important constraints on the interpretation of ongoing structural analyses of the facility.
Subsidence at the West Hackberry site continues, however rates are decreasing as a result of better operation practices. The subsidence rates are the greatest of all SPR sites, and this fact is attributed to geologic and engineering factors at the West Hackberry dome. Some of these factors are beyond the control of the SPR. Those factors within SPRs control (for example cavern operations) are being improved resulting in decreased subsidence.
The historic volumetric changes represent a new means to examine subsidence data. The volumetric changes are presented, and while not rigorously pursued for comparison with numerical analyses results in this report, but recently have been compared to 3-D analyses (Ehgartner and Sobolik, 2002). These changes can also be directly compared to a summed effect of measured cavern changes.
The ground elevations have always been a concern at West Hackberry because of the low elevations and proximity of Black Lake, thus increasing the susceptibility to flooding. The life extension measures recently completed address this issue. where Y and Yo represent elevation, A, is a constant, x and xi are time, and t, is a fitting parameter. This first order exponential decay form was chosen because most of the data appears to fit the same functional form. Mathematically the first order exponential decay fits the data very well. This allowed for creating extrapolated fits for 10 and 20 years, with confidence. The fitting parameter x. (x, at time = 0) is equal to zero for all predictions.
From the first order exponential decay representations, elevation data was obtained on extrapolated fits for 10 and 20 years to create the prediction representation graphs shown in Figures 6-7 .
